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Abstract
Although the effect of pollution on forest health and decline received much attention in the 1980s,
it has not been considered to explain the ‘Divergence Problem’ in dendroclimatology; a decou-
pling of tree growth from rising air temperatures since the 1970s. Here we use physical and bio-
geochemical measurements of hundreds of living and dead conifers to reconstruct the impact of
heavy industrialisation around Norilsk in northern Siberia. Moreover, we develop a forward
model with surface irradiance forcing to quantify long-distance effects of anthropogenic emissions
on the functioning and productivity of Siberia’s taiga. Downwind from the world’s most polluted
Arctic region, tree mortality rates of up to 100% have destroyed 24,000 km2 boreal forest since
the 1960s, coincident with dramatic increases in atmospheric sulphur, copper, and nickel concen-
trations. In addition to regional ecosystem devastation, we demonstrate how ‘Arctic Dimming’
can explain the circumpolar ‘Divergence Problem’, and discuss implications on the terrestrial car-
bon cycle.
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Fifty years after the first ‘Earth Day’ and nearly half a century
after the scientific debate on forest dieback and decline began
in Europe and the US (Siccama et al., 1982; Innes, 1987),
which generated much social and some political action on glo-
bal environmental issues (Lewis, 1990), the various direct and
indirect effects of industrial pollution on the functioning and
productivity of forest ecosystems are still poorly understood
(B€untgen et al., 2014). This is particularly true for the boreal
forests of the Northern Hemisphere (Gauthier et al., 2015; Gir-
ardin et al., 2016), a circumpolar biome that plays a major role
in shaping the Earth’s carbon cycle and climate system (Brad-
shaw and Warkentin, 2015). Since the mid-20th century, boreal
forests in Eurasia and northern North America have become
the dumping ground for large concentrations of anthropogenic
air pollutants (McConnell et al., 2007).
Located c. 300 km north of the Arctic Circle in central
Siberia (69°21’N, 88°11’E), Norilsk is the world’s
northernmost city with over 100 000 inhabitants. Since the
onset of Eurasia’s heavy industrialisation in the 1930s, pollu-
tion from the Norilsk mining complex (Kharuk et al. 1996)
has destroyed vast areas of pristine taiga and tundra habitats
on the Taimyr Peninsula (Bauduin et al., 2014; Korets et al.,
2014). Experimental metallurgy in Norilsk began as early as
1938 (Table S1), refined nickel production started in 1942,
and mining activities have continued to rapidly expand (Dol-
gikh, 2006). In 2018, the Norilsk complex released c.
1 805 200 tons of pollutants (Ministry of Ecology and Envi-
ronmental Management of the Krasnoyarsk region, 2019), of
which c. 98% was sulphur dioxide (SO2), making this taiga
region of approximately 24 000 km2 the most polluted in the
world (Blacksmith Institute and Green Cross Switzerland,
2013). Norilsk’s unrestricted emissions of highly noxious sub-
stances are not only extremely harmful to humans (Arutyun-
yan et al., 2014), but also to flora and fauna (Zhulidov et al.,
2011; Telyatnikov and Prystyazhnyuk, 2014). The most recent
release of more than 20,000 tons diesel oil in the summer of
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2020 underlines the growing environmental threat of Norilsk’s
industrial sector under Arctic warming and permafrost thaw-
ing (https://www.bbc.co.uk/news/world-europe-52977740).
Despite the unprecedented level of regional environmental
destruction, and the obvious downwind effects of heavy metal
pollution, a quantitative assessment of large-scale ecosystem
devastation due to airborne pollutants from local emissions
has not previously been undertaken. Moreover, there are no
reliable measures on the rate and volume of pollutants from
lower latitudes that are transported into the Arctic (Law and
Stohl, 2007; Arnold et al., 2016). Nevertheless, we know that
the highest atmospheric concentration of pollutants occurs in
the once pristine and particularly vulnerable ecosystems of
northern Siberia (Stohl, 2006; Arnold et al., 2016).
One prominent example of possible ecosystem dysfunction
is the ‘Divergence Problem’ (DP) in dendrochronology: The
idiopathic decoupling of tree growth to rising instrumental
summer temperatures since around the 1970s (Smith et al.,
1999; Briffa et al., 1998; D’Arrigo et al., 2008; Esper and
Frank, 2009). Evidence for reduced sensitivity of tree growth
to temperature has mainly been reported from forest sites at
the high-northern latitudes. This alleged circumpolar phe-
nomenon describes the apparent inability of formerly temper-
ature sensitive tree-ring width (TRW) and maximum latewood
density (MXD) chronologies to parallel the recent increase of
instrumental temperature measurements. In addition to such
low-frequency trend offset, some boreal sites indicate a failure
of previously temperature-driven tree growth to reflect high-
frequency, summer temperature signals in a warming world.
Suggested explanations include drought stress, changes in
stratospheric ozone concentration, non-linear growth-climate
response, insufficient instrumental climate data for proxy cali-
bration, as well as methodologically induced pitfalls associ-
ated with chronology development. Thus far, the causes, scale
and consequences of the DP remain unknown (see Vaganov
et al., 1999; Kirdyanov et al., 2003; Wilmking et al., 2005;
Driscoll et al., 2005; Lloyd and Bunn, 2007; Pisaric et al.,
2007; B€untgen et al., 2008, 2009; D’Arrigo et al., 2008; Esper
and Frank, 2009 for further details). The DP therefore contin-
ues to cast a serious concern on the reliability of high-latitude
tree ring-based temperature reconstructions. Despite some
pioneering work by Stine and Huybers (2014), little to no
attention has been paid to the role of anthropogenic air pollu-
tants and/or atmospheric dimming to explain the DP. More-
over, forward modelling of tree growth under different
pollution scenarios has never been applied systematically in
pursuit of understanding the DP.
Here, we utilise hundreds of TRW samples from living and
dead conifers surrounding the Norilsk industrial complex to
reconstruct the sequence of events leading up to a historically
unprecedented forest dieback and decline, in one of the
world’s most polluted regions, since the 1930s. We expand our
dendrochronological findings with high-resolution measure-
ments of wood and soil chemistry to quantify the spatiotempo-
ral extent of Norilsk’s devastating ecosystem damage. We
develop a process-based forward model of boreal tree growth
to detect and attribute the effects of changes in surface solar
radiation (see B€untgen et al., 2020 for the methodological and
conceptual extension of ‘Detection & Attribution’ to global
change ecology). Considering reduced surface irradiance as a
proxy for anthropogenic air pollutants, we find strong evidence
to suggest ‘Arctic Dimming’ (AD) has substantially reduced
tree growth since c. 1970. Similar to ‘Global Dimming’ (Wild,
2009), AD refers to a decrease in surface solar radiation in the
second half of the 20th century, which is in line with indepen-
dent long-term observations of sunshine duration, diurnal tem-
perature range, pan evaporation, and, more recently, also
satellite-derived estimates (Stanhill, 2005; Wild, 2016). In addi-
tion to major practical implications, reduced solar radiation at
the Earth’s surface affects a large number of processes, includ-
ing evaporation and associated hydrological components,
snow and glacier melt, plant photosynthesis and related terres-
trial carbon cycle dynamics, as well as the diurnal and seasonal
course of surface temperatures (see Wild, 2009, 2016 for a
review of changes in surface solar radiation). Causes for AD
can either be external, such as changes in the amount of solar
radiation incident on the planet at the top of the atmosphere,
or internal, such as changes in the transparency of the atmo-
sphere that modify the solar beam on its way to the Earth’s
surface. Aerosols and clouds, which are not independent from
each other (Ramanathan et al., 2001), have been considered
the most likely factors for AD, and it is important to note that
aerosols affect clouds in different ways depending on the levels
of air pollution. Associated with anthropogenic pollution,
aerosols can directly modify surface solar radiation by scatter-
ing and/or absorbing solar radiation in the atmosphere
depending on their composition. Furthermore, aerosols can
modify surface solar radiation indirectly through their ability
to act as cloud condensation nuclei, thereby altering cloud
optical properties and lifetime. As a semidirect effect, absorb-
ing aerosols in heavily polluted regions are also known to heat
and stabilise the atmosphere, which may inhibit cloud forma-
tion or dissolve existing clouds. In summary, all these factors
and processes trigger dimming with increasing aerosol levels in
the atmosphere (Wild, 2009), which are considered particularly
high in the Arctic (Law and Stohl, 2007; Flanner, 2013; Stohl
et al., 2013; Arnold et al., 2016).
MATERIALS AND METHODS
Dendroecology
To characterise the direct, downwind impact of airborne emis-
sions from the Norilsk industrial complex on forest ecosys-
tems, eight dendrochronological sites were established along a
northwest-to-southeast transect through zones of different
pollution levels (Fig. 1; Tables S2–S3). Across most of this
transect, Siberian larch (Larix sibirica Ledeb.) is the main for-
est-forming species. At the southern end of the transect, Siber-
ian spruce (Picea obovata Ledeb.) is intermixed with larch.
The trees at site 1, located 50 km west of Norilsk, do not
exhibit any visual evidence of damage or mortality due to the
direct effect of pollution. At site 2, located 28 km west of
Norilsk, the forest may be characterised as having c. 50%
mortality, but at sites 3–7 the degree of tree mortality
increases to 100%. At site 8, the south-eastern most location
85 km from Norilsk, c. 25% of larch and c. 90% of spruce
trees were still alive when sampled.
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Sites 1–4 were sampled in 2014 and 2015, and at sites 5–8,
samples were collected in 2004. All eight sites may be
described as open stands within the context of a forest-tundra
ecosystem. At sites 2–8, sub-plots 1–3 of c. 0.15–0.2 ha were
established where, in addition to core and disk samples, mea-
surements of slope and exposure were also taken. At least 30
trees were sampled at each sub-plot. Located outside of the
direct influence of Norilsk’s pollutants (Fig. 1), site 1 is con-
sidered the control/reference site, where only living dominant
and co-dominant trees were cored at 1.3 m from the ground.
Within the affected sites (2–8), both discs and increment cores
were collected from every dead and living tree in each sub-
plot at the same height. For each core or disc sample, TRW
was measured at a resolution of 0.01 mm using a LINTAB
measuring system (Rinntech-Metriwerk GmbH, Heidelberg,
Germany). Depending on the integrity of discs, TRW was
measured along multiple radii, including the longest radius
(most annual rings), as well as the radius with the widest
outermost rings. All TRW series were visually cross-dated and
then averaged. To determine when a tree died, the TRW series
from standing dead trees were cross-dated against distant site
chronologies of similar species considerably south and west of
Norilsk and presumed to be unaffected by Norilsk’s pollution
plume while within the same dendro-climatic zone (Vaganov
et al., 1996; Zubareva et al., 2003; Knorre et al., 2006; Kir-
dyanov et al., 2014). The year of tree death was defined as the
Figure 1 Environmental devastation. (a) Larch and spruce sampling sites (dots and triangles, respectively) superimposed on different levels of vegetation
degradation (grey shadings). Dots with black centres refer to the three sites for which wood chemistry was measured. The red frame in the inset map places
the wider Norilsk study region in the context of Russia’s boreal forest zone (green area). Black dots (larch) and one triangle (spruce) in the boreal inset
map show non-polluted reference sites that have been used in the larger-scale, process-based forward modelling experiment. (b) The three pictures represent
different levels and aspects of ecosystem disturbance.
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next calendar year following the date of the outermost tree
ring.
The number of larch and spruce trees analysed per site var-
ied from 12 to 106 (Table S3). To estimate the pollution effect
on radial tree growth, we developed TRW chronologies for
each site. Depending on the course of the raw TRW measure-
ments, we either fitted negative exponential functions, hori-
zontal lines, or cubic smoothing splines with 50% frequency-
response cut-off equal to 2/3 of the individual series length.
We then divided the observed values by their associated curve
values, thereby transforming each raw TRW series into a new
timeseries of dimensionless indices (Cook and Peters, 1997).
The final TRW chronologies were produced by computing the
robust mean of the index TRW series from all trees per site
(Fritts, 1976). To estimate possible effects of pollution on tree
growth for regions not directly impacted by Norilsk’s emis-
sions, we used a recently developed collection of Larix sibir-
ica, Picea obovata and Larix gmelinii TRW chronologies from
seven sites along a >1400 km long east-west transect that
extends considerably south and west of Norilsk (Fig. 1;
Table S4). These contributed chronologies share a signifi-
cantly high degree of growth coherency (Table S5), permitting
the use of their average as an expression of large-scale mean,
boreal forest growth.
Wood and soil chemistry
The sulphur (S), copper (Cu) and nickel (Ni) content of the
wood samples from sites 1, 2 and 4, locations that represent
different levels of pollution exposure, was measured by X-ray
fluorescence (XFR) with an Itrax Multiscanner (Cox Analyti-
cal Systems, Sweden). From each of the three sites, between
six and eight wood samples without obvious defects or decay
were chosen for this analysis. Wood laths of 2 mm thickness
cut from the discs or cores were exposed to high intensity X-
ray beams. Light and heavy elements were detected with an
X-ray tube fitted with a Cr and a Mo anode, respectively, and
operated at 30 kV and 50 mA. Each sample lath was irradi-
ated for 10 s at 100-lm intervals along the sample core or disc
sample radius. The XRF energy emitted from the excited sam-
ple surface was continuously recorded by a silicon drift cham-
ber detector (SDD). Peaks in the continuous XRF spectrum
were assigned to specific elements using the Q-spec software
(Cox Analytical Systems, Sweden). Relative concentrations
(i.e. count rates of fluorescent photons) for the pre-defined S,
Cu and Ni elements were obtained at every measurement
point. A dedicated FORTRAN program was written to align
and integrate the continuous 100 lm elemental fluorescent
counts with the incremental measurements taken along the
same path as the XRF measurements in order to produce
annual count values of S, Cu and Ni.
The topsoil S, Cu and Ni content was measured in 3–4 soil
samples taken from the upper organic-rich layer at those
TRW sampling sites where the wood chemistry was also mea-
sured. That is at the reference site 1, as well as the pollution-
affected sites 2 and 4 (Table S2). Prior to the chemical analy-
ses, each of the soil samples was air dried, sieved through a
1 mm mesh size, and milled down to 0.074 mm in grain size.
Bulk elemental content was determined by means of XRF
analysis with a MobiLAB X-5000 scanner (OLYMPUS
Innov-X, USA). The fluorescence values were calibrated
against geochemical standards provided by the Vinogradov
Institute of Geochemistry SB RAS (Irkutsk, Russia). We cre-
ated a GIS database of spatially referenced geographic, topo-
graphic and vegetation data from both remote sensing
platforms and ground surveys for the Norilsk industrial
region (see supporting online information for details). Differ-
ent disturbance levels were used for vegetation classification
and mapping (Table S6).
Forward modelling
The Vaganov-Shashkin model (VS-model) is a process-based
forward model that simulates TRW as a function of climate
(Vaganov et al., 2006, 2011). The full, high-resolution VS-
model requires daily air temperature, soil moisture, and solar
radiation as input variables. However, as long-term daily cli-
mate data for our research region are unavailable, we used
the VS-Lite variant, a simplified version of the VS-model that
accepts monthly temperature and precipitation data (Tolwin-
ski-Ward et al., 2011, 2013), which exist from 1901 to 2018
(CRU TS4.01; Harris et al., 2014). The VS-Lite model calcu-
lates the monthly rate of TRW formation Gr that is deter-
mined as the minimum of two partial growth rates: The
growth rate that is dependent on temperature (GrT) and the
rate that is dependent on moisture (GrW), multiplied by the
growth rate influenced by solar radiation (GrE) at a given lati-
tude and month m of the year y (Evans et al., 2006). The sim-
ulated TRW series are obtained by integrating the growth
response function Gr(m,y) over a variable window of months
defined by the monthly start and end parameters (I0 and If).
Parameterisation of the model aims to find the best fit
between the simulated TRW, normalised with respect to their
1901–1942 values, and a target TRW chronology, the average
of the above-mentioned L. sibirica, P. obovata and L. gmelinii
chronologies, by adjusting the values for the 12 site parame-
ters in the VS-Lite model that tune the model to local condi-
tions (Tychkov et al., 2019). The solution to tuning the model
by direct mathematical optimisation of the multidimensional
parameter space is problematic due to a high probability of
reaching the local optimum that generates an artificial deci-
sion (Etschberger and Hilbert, 2003; Borg and Mair, 2017).
The value for any one parameter values should not conflict
with the biological constraints on growth and/or site condi-
tions observed in the field data.
We used a specially developed optimal estimation of 12
basic model parameters from the differential evolution (DE)
approach (Storn and Price, 1997; Price et al., 2005) in the R-
code version of the VS-Lite model (Table S7). This approach
finds the optimal values for multidimensional real-valued
function or mathematical system of the functions. DE does
not use the gradient of the problem being optimised, which
means DE does not require the parameter optimisation to be
differentiable, as is required by classic optimisation methods
such as gradient descent and quasi-Newton methods. There-
fore, DE can be applied to a wide class of the process-based
models. Optimal values of the VS-Lite parameters obtained
by the DE are considered as a vector that contains highly
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significant positive Pearson’s correlation coefficients
(P < 0.01), and minimises the root mean square error (RMSE)
between simulated TRW curves and the target dendro-
chronology over independent calibration (1901–1942) and ver-
ification (1943–2015) periods. Adopted to the VS-Lite parame-
terisation module, the DE approach was tested on a server
Supermicro SYS-2028GR-TR (64 cores on Intel Xeon E5-
2698 processors, 256 GB of ESS RAM). To obtain optimal
parameter estimations, we began with 120 optimal sets of the
model parameters and selected a decision (optimal set), which
provides the best simulation fit of the observed TRW chronol-
ogy due to the criteria described above.
Surface radiation
We assume the level of total (Rs) and photometrically active
(PAR) solar radiation reaching the surface depends on the
transparency of the atmosphere, which is related to the amount
and structure of daily cloud cover that in turn may be related to
the amount of air pollution in the local atmosphere (Shindell,
2007; Najafi et al., 2015; Acosta Navarro et al., 2016). Anthro-
pogenic, as well as natural formed aerosols can enhance the for-
mation and residence time of clouds particularly in relatively
pristine regions such as the Arctic (Wild, 2009, 2016). We
assume that current trends in atmospheric transparency are
mainly driven by air pollution, punctuated every now and then
by volcanic eruptions, and that these pollutants have both
direct and indirect effects on clouds (Roderick and Farquhar,
2002; Wild, 2009; Malavelle et al., 2017), and clouds inversely
modulate the diurnal temperature range (DTR). We assume, as
an approximation, a linear relationship between variations in
DTR and variations in cloud cover, the latter including the
effect of aerosols. This link between DTR and cloud cover has
been shown to be valid for timescales from month to decade
(Wild et al., 2007; Wild, 2009; Wang and Dickinson, 2013), for
which Rs is highly correlated with PAR (r = 0.97, n = 14667,
P < 108). The long-term DTR was used as a proxy for Rs
(PAR) over 1901–2018. For the study region, a change in Rs by
1 Wm2 leads to changes in DTR by 0.02–0.04°C (Wang and
Dickinson, 2013).
The gridded CRU TS v. 4.02 (Harris et al., 2014) DTR data
were used to obtain low-pass frequency variations of Rs over
our region of interest. The averaged summer (June–August)
DTR, from all grid cells, was smoothed with a 21-year Gaus-
sian low pass filter (Wild et al., 2017), and Rs was obtained
for each year y according to the following equation: Rs
(y) = DTR(y)/d where DTR(y) represents the value of
smoothed DTR in year y; d is a temperature coefficient that is
allowed to vary from 0.02 to 0.04°C. We considered d as a
proxy parameter of the model (see Table S7), which was
involved in the DE procedure. In our experiments, the best
results were found for Rs corresponding to changes in DTR
at a rate of 0.03 °C per 1 Wm2. Finally, the normalised
(Basheer and Hajmeer, 2000) low-pass radiation Rs for each
year y is multiplied by the GrE (m,y) and used in the VS-Lite
model. It is important to note that TRW simulations per-
formed with the effect of AD (Rs(y)) derived from regional
reanalysis solar radiation data (Compo et al., 2011) did not
produce satisfactory results.
RESULTS
Here, we report on 88 724 annually resolved and absolutely
dated TRW and wood chemistry measurements from 46 living
and 503 dead Siberian larch and spruce trees that grew at
eight sites along a c. 150 km northwest-to-southeast transect
through the Norilsk complex (Fig. 1a). Each site represents a
different pollution exposure level due to dispersal effects of
the prevailing westerly winds (Table S2). The mean age of the
analysed larch and spruce trees ranges from 71 to 216 years,
with minimum and maximum ages 31–113 and 214–388 years,
respectively. Varying from 0.31 to 0.84 mm, the site-specific,
average annual radial stem growth rates are slightly lower for
spruce than for larch (Table S3). A 45-day-long polar night,
annual mean temperatures of circa 10°C, and daily cold
extremes of up to 50°C that can occur from September to
May (based on meteorological measurements at Dudinka,
1906–2012), constrain tree growth to just a few weeks between
June and August.
The first year of larch decline leading to tree mortality coin-
cides with the first year of smelter operation (Fig. 2a).
Although tree mortality south-east of Norilsk started as early
as 1938, the annual dieback rates of up to 5% remained rela-
tively low at sites 3 and 4 until the 1960s. Mortality increased
to 30% per year at site 4 in the second half of the 1960s,
when the ‘Mayak’ mine opened and SO2 emissions escalated
(Table S1). By the early 1980s, all larch trees within 69 km
east-southeast of Norilsk had died at sites 3–7, and at site 8
by the time of this reporting, only about 25% of the larch
trees have survived. Protected from the dominant westerly air-
flow, site 1 and 2 west of Norilsk are less affected (Figs 1 and
2a). Forest dieback at site 2 gradually tracks SO2 deposition
until the ‘Nadejda’ complex started operation, after which die-
back rapidly increased. Built in 1979, this latest smelter
reached full capacity in the early 1980s, at which time Nor-
ilsk’s heavy metal production grew five-fold. By 1983, Nor-
ilsk’s annual industrial emissions peaked at 2 483 000 tons
(Kharuk et al. 1996). Spruce dieback at site 7 started in the
1970s, about a decade after the larch decline, whereas at the
furthermost site 8, spruce mortality rates of only 10% were
reached as late as the 2000s (Fig. 2a). Almost all of the sur-
viving conifers in the study area exhibit heavy crown damage,
and the comparison of TRW near Norilsk with observations
of regional summer temperature variability suggests an
unprecedented decoupling in the second half of the 20th cen-
tury (Fig. 2b). While TRW variations parallel June–August
temperature means fairly well until around 1970 (r = 0.42,
P < 0.01 for 1924–1969), the overall low growth rates of the
surviving trees clearly depart from the recent warming after-
wards (r = 0.02, P > 0.05 for 1970–2015).
The wood chemical analyses reveal a significant rise in S,
Cu and Ni in all larch samples from site 4 (Fig. 3), with peak
values during the late 1960s. Although the chemical profiles
vary among individual trees, the elemental-specific patterns of
site 4 exhibit a coherent picture of exposure to airborne pollu-
tion from Norilsk. Sulphur levels slowly start to increase in
the 1930s, but do not significantly rise until the mid-1950s.
Copper rises from background levels in the 1940s to peak
concentrations in the mid-1960s. In contrast, none of the
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living trees from the ‘unpolluted’ reference site 1 show similar
chemistry values (Fig. 3). However, substantial increases in S,
Cu and Ni are found in the outermost rings of most of the
dead larches at site 2. Spatiotemporal variation in the chemi-
cal concentration of the tree rings is corroborated by indepen-
dent S, Cu and Ni measurements in the upper organic soil
layer at each of the three sites (1, 2 and 4). The highest topsoil
pollution is found at site 4 in 2014 (Table S2), when S, Cu
and Ni concentrations peak at 2,660 (188), 828 (85) and
716 (29) mg/kg (SD) respectively. The lowest soil contami-
nation is found at site 1 (S = 359 (27), Cu = 33 (7) and
Ni = 36 (7) mg/kg). The medium level of soil pollution at
site 2 agrees with the chemical concentrations found in the
wood at the same site, consistent with the predominant west-
northwest airflow that disperses polluting aerosols from
Norilsk.
While trees in the vicinity of Norilsk have died of continu-
ous exposure to uncontrolled industrial emissions since the
1940s, trees growing outside the area directly impacted by
Norilsk’s industrial pollutants are suffering. Reduced growth
rates across the boreal forest since around the 1970s are
indicative of the DP and beg the question ‘what is hampering
tree growth?’. To assess the putative large-scale, long-term
effects of industrial pollution on the vigour of Siberia’s taiga,
we compared the rates of tree growth from the VS-Lite model
to those empirically derived from seven sites sufficiently far
away from Norilsk that can be considered free from the obvi-
ous direct effects of industrial pollution (Fig. 1 insert;
Table S4). The VS-Lite model reproduces the measured TRW
until c. 1970 (Fig. 4a), after which the simulated and mea-
sured growth rates increase and decrease, respectively. While
simulated and measured TRW during the 1901–1942 pre-in-
dustrial period is highly synchronous, correlation between the
simulated TRW chronology and the measured TRW chronol-
ogy is insignificant afterwards (P > 0.05). This obvious diver-
gence between increasing simulated and decreasing measured
TRW suggests the existence of a spatially extensive, negative
forcing capable of dramatically countering the beneficial
effects of the recent warming trend. After reducing incoming
surface solar radiation (i.e. implementing dimming), the simu-
lated TRW parallels the observed growth rates over the entire
20th century and until 2018 (Fig. 4b; Tables S8). Correlations
between simulated and measured TRW are now highly signifi-
cant from 1901 to 2018 (P < 0.0001). After 10-year low-pass
filtering, the measured TRW chronology correlates with the
simulated TRW data (without dimming) at 0.48 and 0.38
over the 1901–1969 and 1970–2018 periods respectively
(Fig. 4b). Both values, and particularly the later one, signifi-
cantly increase to 0.62 and 0.79 when dimming is incorpo-
rated into the VS-Lite model.
DISCUSSION
Although Norilsk is an extreme example of industrial pollu-
tion, it is not atypical for the high-northern latitudes that are
more polluted than anticipated (Arnold et al., 2016). Since the
mid-20th century, continuous SO2 emissions from high-lati-
tude mining, oil and shipping activities (Fig. S1; Table S9)
have affected biogeochemical cycles not only over central and
eastern Siberia (Shevchenko et al., 2003), but also across
much of the circumpolar Arctic (Hirdman et al., 2010; Bau-
duin et al., 2014; Panyushkina et al., 2016). Moreover, the
Figure 2 Forest dieback. (a) Percentage of dead trees per site relative to the total number of living trees in 1930 CE, with site codes, colours and symbols
corresponding to Figure 1. Solid lines refer to the three sites for which wood chemistry was measured. (b) Standardised larch TRW chronologies from
Norilsk, together with June–August (JJA), near-surface summer temperature means from the CRU TS4.01 grid box over our study area (87–90 °E and 68–
71 °N). Dashed vertical lines, coded with light grey numbers, refer to the beginning of main industrial developments: 1 = first electric power station;
2 = first experimental 1.5 t of high-grade Ni-Cu matte; 3 = small metallurgical plant; 75 t of Ni-Cu low-grade matte; 4 = first experimental factory for
concentrating; 5 = first nickel factory, as well as electric power and heat station; 6 = first electrolyte Ni production; 7 = significant production increase;
8 = first coke oven battery; 9 = first Cu factory; 10 = first Cu electrolysis shop, plus first brick, cement and lime factories; 11 = first metallurgical shop; 12–
14 = modernisation of Ni factory; 13,15 = discovery of particularly S-rich ore deposits at Talnakh and Oktyabr’skoye; 15–19 = first mining of S-rich
deposits; 20 = first production of Nadejda; 21 = full operation of Nadejda (see Table S1 for details).
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high-northern latitudes have long been impacted by trans-
ported pollutants, including detailed reports of ‘Arctic Haze’
events since 1883 (Garrett and Verzella, 2008). ‘Arctic Haze’
results from the strong inversion often referred to as the
‘Polar Dome’ (Stohl, 2006). This circulation pattern is typical
of the wintertime Arctic boundary layer, which facilitates
Figure 3 Industrial pollution. Interannual variability in sulphur, copper and nickel (S, Cu and Ni) content of individual tree rings from the low
contamination site 1 (green), the medium contamination site 2 where 50% of the trees are dead (yellow) and the high contamination site 4 where all trees
are dead (red). The corresponding tree-ring width (TRW) measurements are shown in bottom panel. Site codes, colours and symbols, as well as the vertical
dashed lines are as for Figure 2.
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transportation and accumulation of air pollutants from lower
latitudes into the Arctic (Stohl, 2006; Arnold et al., 2016).
Unprecedented concentrations of pollutants (McConnell
et al., 2007; Smith et al., 2011) have driven both historic cool-
ing and amplified recent warming in the Arctic (Acosta
Navarro et al., 2016). Transport from lower latitude Asia and
Eurasia increases their content in the upper atmosphere,
whereas local emissions of aerosols substantially affect the
transparency of the atmosphere and the formation and struc-
ture of clouds (Stohl et al., 2013; Zhao and Garrett, 2015).
These have been shown to curtail surface irradiance and to
cause light diffusion (Stine and Huybers, 2014), with the
strongest impact over central and eastern Siberia, as well as
parts of Alaska and Canada (Briffa et al., 1998). In addition
to the antagonistic role of anthropogenic pollutants, the net
primary productivity of the boreal biome is also vulnerable to
other abiotic stressors (Beck et al., 2011; Gauthier et al., 2015;
Girardin et al., 2016; Charney et al., 2016), such as the redis-
tribution of nitrogen as a consequence of widespread wildfires
that are expected to increase in frequency and intensity under
future climate change (Ponomarev et al. 2018; Shvetsov et al.,
2019; Knorre et al., 2019; Kirdyanov et al., 2020).
The most important Eurasian boreal forest species, larch
and spruce, exhibit different leaf morphologies and survival
strategies. The deciduous larch habit minimises winter desicca-
tion, whereas evergreen spruce develops thick cuticle to reduce
foliar water loss (Miranda and Chaphekar, 1980). The thick-
ened spruce cuticle may also afford greater protection from
foliar leaching due to the deposition of acidic pollutants. Since
larch foliage has a greater specific leaf area, higher stomatal
conductance and lower water use efficiency than spruce
(Kloeppel et al., 1998), it might be particularly sensitive to
ozone damage (Wieser et al., 2013). Finally, there is reason to
believe that boreal tree growth will suffer from reduced nitro-
gen uptake as regional humidity increases and the vapour
pressure deficit decreases (Lihavainen et al., 2016).
Consequently, the expected large-scale ecosystem disturbance
due to anthropogenic warming will have serious implications
for the Earth’s climate system and carbon cycle.
Based on regional- to large-scale modelling, we now suggest
that the recent failure of formerly temperature-sensitive boreal
tree growth to track increasing instrumental summer tempera-
tures can be attributed to reduced incoming surface solar radi-
ation (Stine et al. 2014; Arnold et al., 2016; Wild, 2016). This
finding is consistent with our understanding of the wide-
spread ‘Arctic haze’ phenomenon (Law and Stohl, 2007),
which has been observed since the beginning of the 20th cen-
tury (Garrett and Verzella, 2008), and has been described as a
key driver of AD. We interpret these results as a consequence
of reduced solar radiation, attributable to increasing aerosol
concentrations (Quinn et al., 2007) due to elevated industrial
emissions since the 1930s both emitted in and transported to
the Arctic (Law and Stohl, 2007). This assumption is sup-
ported by the temporal agreement between the evolution of
the DTR and industrial emissions: Both were low before the
mid-20th century (McConnell et al., 2007), then in the early-
1970s DTR and industrial emissions started to simultaneously
display clear parallel trends. The link between industrial emis-
sions and surface solar radiation may be direct (Rinke et al.,
2004), or may be mediated by the effects of aerosols on cloud
cover and cloud residence time through their impact on con-
densation nuclei and droplet size (Twomey, 1977; Rama-
nathan et al., 2001). Long-term changes in cloud cover may
be also associated with an increase in atmospheric concentra-
tions of greenhouse trace gases or changes in sea-ice cover
(Taylor et al., 2015). At high latitudes, future scenario simula-
tions (Trenberth and Fasullo, 2009) indicate that a stronger
greenhouse forcing leads to greater cloud cover. Greenhouse
trace gases, therefore, would reinforce the effect of aerosol
emissions on cloud cover at high latitudes. However, disentan-
gling the effects of increased greenhouse trace gases from AD
remains subject to large uncertainties as aerosol-cloud
Figure 4 Explaining the ‘Divergence Problem’ (DP). Measured (green) and simulated boreal tree-ring width (TRW) indices (a) without and (b) with
considering large-scale effects of ‘Arctic dimming’ (AD) in the process-based forward model (VS-Lite). Thick curves are 10-year cubic smoothing splines,
and the correlation coefficients between the original (and smoothed) measurements and simulated values refer to the 1901–1969 and 1970–2018 periods.
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interactions and greenhouse-cloud feedbacks are difficult to
simulate in climate models, and Arctic aerosol-cloud interac-
tions are not fully understood (Browse et al., 2014). The lack
of spatially explicit measurements of air pollutants, cloud
cover and solar irradiance during the first half of the 20th
century from northern North America, Russia and China,
does hinder these modelling analyses.
In conclusion, our study represents, for the first time ever,
the combined evidence from dendroecology, biogeochemistry
and process-based forward modelling to address the direct
and indirect effects of industrial pollution on the functioning
and productivity of boreal forest ecosystems at varying spa-
tiotemporal scales. In addition to the quantification of the
exceptional rate of environmental devastation around Norilsk,
the world’s most polluted Arctic region, we demonstrate that
anthropogenic-induced AD can explain the yet unresolved DP
in tree-ring research. By doing so, we provide an important
seal of the quality for any tree ring-based temperature recon-
struction, because the Principle of Uniformity as it applies,
sine qua non, to dendroclimatology and thus to a substantial
part of high-resolution palaeoclimatology, remains intact. Our
findings are expected to generate widespread environmental
and political interest, because we add a unique perspective to
the extraordinary level of persistent Arctic pollution, for
which scientific and governmental awareness is still lacking.
Deeper insights into the effects of long-term industrial emis-
sions on the functioning and productivity of forest ecosystems
across the high-northern latitudes further improve understand-
ing of large-scale climate dynamics and changes in the global
carbon cycle. This study appears particularly timely in the
light of Norilsk’s unprecedented release of more than 20,000
tons diesel oil in 2020; an environmental disaster that empha-
sises the threat of Norilsk’s industrial sector under rapid Arc-
tic warming and permafrost thawing, and also stresses the
ecological vulnerability of the high-northern latitudes.
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